Sustainable reliance on hydrocarbon feedstocks for energy generation requires CO 2 separation technology development for energy efficient carbon capture from industrial mixed gas streams. High temperature H 2 selective glassy polymer membranes are an attractive option for energy efficient H 2 /CO 2 separations in advanced power production schemes with integrated carbon capture. They enable high overall process efficiencies by providing energy efficient CO 2 separations at process relevant operating conditions and correspondingly, minimized parasitic energy losses. Polybenzimidazole (PBI)-based materials have demonstrated commercially attractive H 2 /CO 2 separation characteristics and exceptional tolerance to hydrocarbon fuel derived synthesis (syngas) gas operating conditions and chemical environments. To realize a commercially attractive carbon capture technology based on these PBI materials, development of high performance, robust PBI hollow fiber membranes (HFMs) is required. In this work, we discuss outcomes of our recent efforts to demonstrate and optimize the fabrication and performance of PBI HFMs for use in pre-combustion carbon capture schemes. These efforts have resulted in PBI HFMs with commercially attractive fabrication protocols, defect minimized structures, and commercially attractive permselectivity characteristics at IGCC syngas process relevant conditions. The H 2 /CO 2 separation performance of these PBI HFMs presented here in realistic process conditions is greater than that of any other polymeric system reported to-date.
Introduction
Carbon capture from power generation processes is essential for mitigation of the harmful effects of rising CO 2 levels in our atmosphere. [1] To be technically and economically viable, a successful separation method must be applicable to industrially relevant gas streams at realistic temperatures, and be compatible with large gas volumes. While the separation of CO 2 from process streams can be accomplished via standard separation techniques such as solvent scrubbing and pressure-swing adsorption, the effectiveness and efficiency of these current technologies for separating CO 2 is limited, especially when considering pre-combustion carbon capture process schemes. These aforementioned separation techniques typically require low temperatures and produce a low-pressure CO 2 stream, resulting in significant energy penalties for separating CO 2 . In contrast, membrane separations offer the possibility of reduced footprint, lower parasitic load, CO 2 production at higher pressure, process temperature matching for warm fuel gas processing, decreased capital costs, continuous facile operation due to their passive platform, and lowmaintenance operations. Thus, pre-combustion H 2 separation and carbon dioxide capture from synthesis (syn) gas in an integrated gasification combined cycle (IGCC) power production scheme provides significant opportunity for membrane-based technologies. The high temperature (>200 °C) and presence of H 2 S and steam in syngas derived from solid fuels such as coal and biomass present a very challenging operating environment for any separation system. Therefore, a proposed membrane material must have thermo-chemical stability characteristics that address these challenges. The high pressure of IGCC syngas and high partial pressure of H 2 in that stream provide the driving force necessary for energy efficient membrane separation. As a result, if a proposed material and membrane comprised of that material possesses adequate permselectivity characteristics at process conditions (chemical, thermal, pressure), sufficient driving force exists to realize the target separations via optimized process integration pathways and correspondingly, with minimized parasitic losses.
Polymer membranes have been used successfully in a number of industrial applications, including the production of high-purity nitrogen, gas dehydration, removal of acid gases, and recovery of hydrogen from process streams for recycle. However, successful use of a polymer membrane for syngas separations requires a membrane that is thermally, chemically, and mechanically stable at high temperature and high pressure in the presence of the chemically challenging syngas components. Unfortunately, the commercially available polymeric materials currently employed in separation applications are not stable in these demanding environments to the degree required. Current membrane materials are often subject to chemical degradation by minor components in the process stream, a problem that is exacerbated by elevated temperature. Additionally, as the glass transition temperature (T g ) of the polymer is approached, membrane selectivity reductions are commonly observed due to increased polymer mobility and its influences on free-volume and flux declines often occur due to membrane compaction. Consequently, there is a compelling need for membrane materials and subsequent capture systems based on those materials that can operate under more extreme environmental conditions for extended periods of time while providing a level of performance that is economically sustainable by the end user.
Development and demonstration of high T g materials to address the aforementioned limitations of the current state of the art and the corresponding separations needs of industry including the utility sector is a focus of this work. Polybenzimidazole (PBI)-based membranes have demonstrated commercially-attractive H 2 /CO 2 selectivity, exceptional thermal stability (T g > 400 °C), and exceptional tolerance to H 2 S. [2] Systems and economic analyses established the techno-economic viability and advantages of these materials over state of the art CO 2 separation technology (Selexol TM ) [3, 4] and indicate the strong potential for PBI membrane based capture technology to meet and exceed the U.S. Department of Energy (DOE) Office of Fossil Energy (FE)/National Energy Technology Laboratory (NETL) Strategic Center for Coal -Carbon Capture Program goals. These system analyses also make clear that a high area density membrane module design is necessary to realize the desired step-change in both performance and cost of CO 2 capture associated with the use of this membrane based capture technology. One promising option for achieving a substantial increase in active membrane area density is the use of a hollow fiber membrane platform. A hollow fiber module is the membrane configuration with the highest achievable packing density, i.e., the highest membrane selective area density. Hollow fiber modules have been fabricated to obtain as high as 30,000 m 2 /m 3 packing density. Realization of such a step change in area density with PBI-based membrane materials would lead to substantial techno-economic benefits.
The objective of this work is to explore the synergies that derive from combining the advantageous hollow fiber characteristics with these unique and exciting PBI material chemistries to produce a high-flux, high area density membrane platform that meets or exceeds DOE system performance and economic goals. In this paper, we describe the PBI-based hollow fiber membrane (HFM) structures and sealing technologies developed by our team and their corresponding performance characteristics, specifically structures and characteristics that achieve the critical combination of high selectivity and high permeability at elevated temperatures (>250 °C) and are amenable for packaging in a scalable, economically viable, high area density system for incorporation into an advanced IGCC plant for pre-combustion CO 2 capture.
Experimental Methods
High performance PBI HFMs membranes were fabricated from commercially available PBI materials (PBI Performance Products, Inc. South Carolina, USA). The chemical structure of the primary PBI material utilized in this work, m-PBI, is presented in Figure 1 . A commercially viable phase inversion process was used to fabricate PBI HFMs with controlled morphology including an in situ produced shell side selective layer (SL) with precisely controlled thickness. The developed PBI HFM fabrication protocol follows a multi-step post-spinning processing scheme including solvent exchange assisted drying and defect-seal layer deposition. A comprehensive study was conducted to understand the influence of various phase inversion process parameters such as dope composition and concentration, bore and coagulant fluid composition, fiber extrusion rate, and air gap. The developed understanding was subsequently applied to tailor fabrication schemes to achieve the desired PBI HFM morphology. For gas permeation evaluation, single fibers were potted using PBI dope with one end sealed and other end connected to stainless steel capillary tubing. The potted fiber was installed in a stainless steel housing using stainless steel ferrules for leak free testing at elevated temperatures. The fibers were evaluated for pure gas permeation in a constant volume-variable pressure system as a function of operating conditions.
Results and Discussion
PBI HFMs manufactured using a liquid-liquid demixing based phase inversion methods resulted in asymmetric structures consisting of a thin porous or dense skin (selective layer (SL)) supported by a porous sub-layer (support). The porous support provides mechanical stability while the SL controls the separation performance. Controlling the overall morphology of the PBI HFM is necessary to achieve high separation performance. The H 2 permeability of the-state-of-the-art PBI-based materials mandates thin selective layers on the order of 100 nm to achieve commercially viable H 2 permeance. In addition, a highly porous yet mechanically strong support structure is required to withstand harsh syngas operating conditions i.e. high differential pressures and elevated temperatures exceeding 100 psia and 150 °C, respectively. Therefore, the focus of this work is to optimize the PBI HFM morphology for high separation performance. To meet this objective a PBI HFM phase inversion process is developed to: minimize the SL thickness minimize SL defect-density minimize gas phase resistance in a highly interconnected thermo-mechanically robust support layer eliminate macro-voids from the support layer develop a highly porous inner surface Figure 2 shows the morphology of a concentric PBI HFM developed in this work with demonstrated ability to withstand extreme syngas operating conditions while achieving commercially attractive H 2 /CO 2 separation performance. [5] The developed fibers are macro-void free. In general, macro-voids create high stress areas often resulting in fiber collapse under high differential pressures especially at elevated temperatures. For syngas separations at the pre-combustion stage, PBI HFMs will be operated in close proximity to the polymer T g (~ 450 °C). Operating close to T g of the polymer results in enhanced polymer chain movement increasing the susceptibility of fiber structure collapse at defect locations under large differential pressure. In addition, the presence of macrovoids near the HFM's outer surface often results in SL defects. Therefore, the developed ability to obtain macrovoid free PBI-based HFMs is a significant accomplishment. Other important features of the developed PBI HFMs include the highly porous interconnected support structure and porous inner surface, which are essential for minimizing the gas phase resistance in the support layer. Finally, the outer surface of the PBI HFMs is comprised of a smooth dense layer free of large defects and a smooth transition between the SL and porous support layer (Figure 2 ).
Controlling Selective Layer Thickness
The selective layer thickness has the most profound influence on the HFM performance. Ideally, a thin defectminimized SL is required to achieve high separation performance. Understanding and de-convoluting the influence of fiber spinning process parameters on the polymer phase inversion dynamics and kinetics has been a critical aspect of this work. The developed understanding has been utilized to formulate fabrication protocols resulting in tailored fiber morphology characteristics and tuned SL thickness. By manipulating the PBI HFM manufacturing process parameters, a fine control on the SL thickness of the PBI HFM between 160 to 2180 nm has been achieved while minimally affecting the porous support structure immediately beneath the SL (Figure 3 ). 
Membrane Performance
Syngas operating temperatures in the vicinity of the water gas shift (WSG) reactors ranges from 200 to 500 °C, depending on the WGS stage and catalyst used. Thus, H 2 /CO 2 membrane-based separation system integration into advanced power generation schemes at temperatures 250 °C is preferred to achieve high energy efficiency. Correspondingly, PBI HFMs prepared in this work were evaluated for H 2 /N 2 and H 2 /CO 2 separations at elevated temperatures exceeding 250 °C. Prior to gas permeation evaluation, a defect-sealing layer was deposited on the outer surface of the PBI HFMs to mitigate the influence of SL defects on the PBI HFMs' separation performance. While our ultimate aim is to form membranes with minimum defects and correspondingly, without the need for a secondary seal of the selective layer, it is acknowledged that defect-free manufacture, particularly of high glass transition materials such as those utilized by our team, is a challenging task. When one considers the ultimate manufacture of such fibers at a commercial scale, i.e., millions of meters of fiber, it must be acknowledged that a "sealing" mechanism or mechanism for reducing the SL defect level to one that is process/application tolerable will likely be essential. The defect-seal layer materials and methods employed must be compatible with the membrane materials, the fabrication process and ultimately the thermal, mechanical, and chemical environments to which they will be exposed during the targeted synthesis gas separations. In this work, the defect-seal layer comprised of a proprietary material having adequate thermal and chemical stability to withstand the syngas operating conditions. In addition, the H 2 permeability and H 2 /CO 2 selectivity of the seal layer was significantly higher and lower, respectively, as compared to the SL material. The H 2 permeance and H 2 /CO 2 and H 2 /N 2 selectivity data is reported in Figure 4 . In general a trade-off between H 2 permeance and H 2 /CO 2 and H 2 /N 2 selectivity was obtained. The H 2 permeance ranged from 50 to 500 GPU for nearly defect-free PBI HFMs as judged by high H 2 /N 2 and H 2 /CO 2 selectivity exceeding 30 and 15, respectively, for all PBI HFM reported here. Commercially exciting permselectivity characteristics with H 2 permeance as high as 500 GPU with H 2 /CO 2 selectivity of 19 were obtained at evelated temperatures exceeding 250 °C. Further improvement in the H 2 /CO 2 selectivity achieved through further reduction in SL thickness and defect-density is anticipated with further development in the PBI HFM fabrication process. 
Conclusions
PBI-based membrane technology shows promise for energy efficient H 2 separation and carbon capture from syngas at pre-combustion stage of advanced hydrocarbon fuel derived power production schemes. The essential characteristics of PBI HFMs developed in this work using commercially available PBI-based materials and commercially viable phase inversion process for high performance H 2 /CO 2 separations were discussed. The ability to control the overarching fiber morphology including SL thickness to achieve commercially viable H 2 permselectivity characteristics was demonstrated. The SL thickness was successfully controlled between 2180 and 160 nm. PBI HFMs having high H 2 /CO 2 selectivity (> 20) and commercially viable H 2 permeance ranging from 200 to 400 GPU were obtained using the PBI phase inversion methods developed in this work.
